Background & Aims: Peptic ulcer disease and gastric cancer are most often caused by
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INTRODUCTION
Approximately 10% of those infected with Helicobacter pylori will develop peptic ulcer disease and 1-3% will progress to gastric adenocarcinoma 1 , the third most common cause of cancer death worldwide. The bacterial genetic locus most closely associated with development of peptic ulcer and gastric cancer is the H pylori cag pathogenicity island (cagPAI), a 40kb DNA segment that encodes a type IV secretion system (T4SS) that is essential for translocation of the CagA oncoprotein into host gastric epithelial cells 2 . A series of complex, T4SS-dependent changes in host cell signaling lead to actin cytoskeletal rearrangements, disruption of tight junctions, alterations in cell polarity, and the induction of proinflammatory cytokines, including interleukin-8 (IL8) 3 .
A functional T4SS that translocates CagA and induces IL8 requires 18 genes on the cagPAI, including cagY 4 . CagY is an orthologue of VirB10, an essential component in the canonical T4SS of Agrobacterium tumefaciens and closely related systems in Escherichia coli and other Gram-negative bacteria. Protein-protein interaction studies 5 and negative stain electron microscopy 6 in H pylori suggest that CagY also forms part of a 41 nm core complex, which is substantially larger than in E. coli or A. tumefaciens 5 . CagY is also much larger than VirB10, ~220 kDa depending on the H pylori strain, and it is encoded by a gene that contains an extraordinary number of direct DNA repeats. In silico predictions suggest that these DNA repeats would generate in-frame insertions or deletions via homologous recombination, yielding numerous theoretical variants of the cagY allele 7 .
Immunogold labeling of CagY demonstrates that this repeat region is localized to the bacterial surface 8 . Thus, CagY has several features that distinguish it from other VirB10 orthologs, which suggests that it may be functionally unique.
It has been known for many years that passage of H pylori in mice leads to loss of T4SS function 9 , though the mechanism was unknown. We recently demonstrated that recombination in the cagY repeat region during colonization of mice often yields cagY variants that form a non-M A N U S C R I P T 
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METHODS
H pylori strains and culture
H pylori strains (Table S1) were cultured on brucella agar (BBL/Becton Dickinson, Sparks, MD)
supplemented with 5% heat-inactivated newborn calf serum (NCS, Invitrogen, Carlsbad, CA)
and ABPNV antibiotics (amphotericin B, 20 µg/ml; bacitracin, 200 µg/ml; polymyxin B, 3.3 µg/ml; nalidixic acid, 10.7 µg/ml; vancomycin, 100 µg/ml), unless otherwise indicated. Cultures were incubated at 37°C under microaerophilic conditions generated by a 5% CO2 incubator or by a fixed 5% O 2 concentration (Anoxomat, Advanced Instruments, Norwood, MA).
Animals and experimental challenge
Specific-pathogen free female mice (Table S3 ) from Jackson Laboratories were housed in microisolator cages and provided with irradiated food and autoclaved water ad libitum. At 10 to 12 weeks of age mice were challenged with 2.5 x 10 9 CFU of H pylori suspended in 0.25 ml of brucella broth administered by oral gavage. Mice were euthanized between 2 and 16 weeks PI with pentobarbital sodium injection (50 mg/ml IP). Stomachs were cut longitudinally, and half was homogenized and plated by serial dilution on brucella agar supplemented with 5% NCS and ABPNV. Multiple single colony isolates (3-6/mouse) were characterized by cagY PCR-RFLP and for their capacity to induce IL8 in AGS gastric epithelial cells.
Study Approval
Experiments were carried out at the University of California, Davis under protocols approved by U.C. Davis Institutional Animal Care and Use Committee, which has been accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All animal experiments were performed in accordance with NIH guidelines, the Animal Welfare Act, and U.S. federal law. 
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Contraselection for genetic exchange of cagY
Alleles of cagY were exchanged between H pylori strains using contraselectable streptomycin susceptibility as described previously 8 using primers in Table S4 and plasmid constructs in 
Histology Scoring
Sections of the glandular stomach were formalin fixed and stained with hematoxylin and eosin.
Each microscopic field was scored separately for the presence or absence of neutrophilic infiltration (polymorphonuclear leukocytes), gastritis, and epithelial metaplasia using a system previously validated in mice 14 . The results were reported as the mean percentage of fields affected for each mouse averaged over the three histologic criteria (minimum10 fields/sample).
Statistics
H pylori colonization (CFU/g) was analyzed using a 2-tailed Student's t test (Prism 6.0) after log10 transformation. Normalized IL8 levels were compared between groups using Wilcoxon rank-sum tests. Analysis of gastritis and proportions of samples with changed cagY were compared between groups using chi-square tests. In experiments with more than two groups, logistic regression was used to evaluate pairwise differences in proportion of output strains with recombination in cagY. A P value ≤ 0.05 was considered statistically significant.
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RESULTS
CD4+ T cells are required for in vivo selection of cagY recombination and loss of T4SS function
H pylori SS1 is a mouse-passaged strain that was proposed as the standard for H pylori studies in mice 15 , and was later found to have a defective T4SS that we showed was a result of cagY recombination 8 . PMSS1, which has a functional T4SS and readily colonizes mice, is the original H pylori human isolate that gave rise to the SS1 strain after serial passage mice 
CagY-mediated loss of T4SS function promotes bacterial persistence in the setting of increased inflammation
CagY-mediated loss of T4SS function occurs less commonly in mice with impaired immunity (Figures 1, 2 ). This suggests that mice with an enhanced immune response might have a greater selection for H pylori strains with loss of T4SS function, which might be a bacterial strategy to persist in the face of inflammation. To test this hypothesis, we infected
Il10-/-mice with H pylori, which triggers a robust inflammatory response with severe gastritis 20, . 21 and increased levels of IFNγ and other Th1 cytokines 22 Figure 6C ). All colonies recovered 4 weeks PI from the 3 mice that showed the highest colonization levels (similar to WT mice), also induced a low level of IL8 and showed recombination in cagY (Figure 6B ,C; bracketed data points). Moreover, the average IL8 induction of H pylori isolates from Il10-/-mice showed a highly significant inverse correlation with the bacterial burden ( Figure 6D ). These data suggest that CagY-mediated loss of T4SS function allows for increased H pylori colonization in the face of a robust immune response.
Recombination in cagY modulates T4SS function during chronic infection in humans
T4SS function (IL8 induction) is highly variable among H pylori clinical isolates, even when the cagPAI is fully intact 19 . The explanation for this is unknown, but it is intriguing that cagY is under strong diversifying selective pressure-second only to cagA among genes on the cagPAI 
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DISCUSSION
The T4SS system encoded on the cagPAI is the key bacterial virulence factor associated with progression to peptic ulcer disease or gastric cancer, rather than asymptomatic gastritis. Analysis of the PAI in vivo has been hampered by the observation that T4SS function is lost during experimental infection of mice 9 , which was initially viewed as an artifact of infecting mice with a bacterium that is naturally found only in humans and some non-human primates. The mechanism was unknown. We recently demonstrated that loss of T4SS in mice is typically due to in-frame recombination in the middle repeat region of the cagY gene, which encodes an essential component of the H pylori T4SS However, this was difficult to reconcile with the general lack of human antibody response to CagY 7 and the evidence that humoral immunity is generally not thought to play an important role in control of H pylori infection 25 . Our results suggest that loss of T4SS function and recombination in cagY are largely independent of B cells, but instead require CD4+ T cells expressing IFNγ (Figures 1, 2) . The modest loss of T4SS function we observed in B cell KO mice ( Figure 1B ) may actually reflect a decrease in B cell-mediated immunoregulation 26 , rather than B cell control of infection. Together, these observations are consistent with seminal vaccine studies demonstrating that MHC class II-restricted, Th1-polarized T cells are essential to control H pylori infection 27, 28 .
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Several lines of evidence suggest that the variation in cagY and T4SS function that we have observed in animal models is relevant to human H pylori infection. First, it is not simply an artifact of the mouse model, because cagY mediated loss of T4SS function also occurs in rhesus macaques 8 , which most closely mimic human infection. Second, cagY recombination can both up-and down-modulate T4SS function 8 , in a graded fashion (Figure 3 ), suggesting that this observation is a window into the biology of H pylori, which actually has the capacity to "tune" or optimize the host inflammatory response to achieve a homeostatic balance. , and more broadly using whole genome sequencing 31 .
When might cagY recombination occur during human infection, and why? Clearly, a functional T4SS enhances bacterial fitness, probably by increasing its capacity to acquire iron and other nutrients [32] [33] [34] . But rearrangement in cagY that confers loss of T4SS function may be more advantageous under conditions that are unfavorable for H pylori growth, because loss of T4SS function decreases the host inflammatory response, increases bacterial load 16, 35 , and 
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